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Densification kinetics of MnO-doped UO2-10 wt%Gd2O3 compact
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bstract

The effect of MnO doping on the densification behavior of the UO2-10 wt%Gd2O3 compact has been investigated by using a high-temperature
ushrod dilatometer up to 1650 ◦C. Dilatometry results show that small amounts of MnO enhance the sintering of the UO2-10 wt%Gd2O3 com-
act leading to a very high densification rate at low temperatures of about 1250 ◦C. The sintered density substantially was increased by more
han 1% of the theoretical density in only 0.01 wt% of MnO added sample. A small amount of MnO also promotes the grain growth dramat-

cally. The UO2-10 wt%Gd2O3 pellet with 0.1 wt% of MnO shows a 2.5 times larger grain size than the undoped UO2-10 wt%Gd2O3 pellet.
hese results might be attributed to the enhanced grain boundary mobility, which probably resulted from a large distortion of the surrounding

attice.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Gadolinia has been employed as a burnable absorber, UO2-
d2O3 fuel pellets, to suppress the initial excess reactivity at

he beginning of life in a light water reactor. The UO2-Gd2O3
ellets are fabricated in a similar way with that of the UO2 pel-
ets because most of the processes are based on the commercial
O2 pellet fabrication method [1]. However, the UO2-Gd2O3
ellet is more difficult to fabricate than the UO2 pellet because
f its smaller grain size and poor homogeneity of the UO2-
d2O3 solid solution under the same sintering temperature and

tmosphere.
The sintering behavior and the microstructure of a sintered

O2-Gd2O3 pellet are considerably influenced by the mix-
ng condition of UO2 and Gd2O3, the oxygen potential of the
intering atmosphere and the sintering additives. Riella et al.
2] reported that the UO2-Gd2O3 pellet using co-precipitated

U,Gd)O2 powder showed a better homogenous Gd distribution
han that made by any other mixing method. There have been
ome studies [3–5] on the effect of the sintering atmosphere on
he properties of the UO2-Gd2O3 pellets. They have reported
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hat the sintered density decreases as the oxygen potential of the
intering atmosphere increases.

Some researchers [1,6,7] have studied the effects of sintering
dditives such as Al2O3, TiO2, and Cr2O3-SiO2. Assmann et al.
1] showed that a simply mixed UO2-Gd2O3 powder was able
o be sintered up to 95%TD by adding Al2O3. It is reported that
l(OH)3 and TiO2 have a beneficial effect on the densification of

he UO2-Gd2O3 pellets [6]. Kim et al. [7] have investigated the
ole of a composite additive, Cr2O3-SiO2, and they also observed
n enhanced densification of the UO2-Gd2O3 pellets. All the
bove additives increased the sintered density after a final-stage
intering. However, it seems that they have a little effect on the
nitial- or the intermediate-stage densification.

The Gd2O3 contents of the UO2-Gd2O3 pellets are usually
n the range of 4–8 wt%. However, the content of Gd2O3 tends
o become higher with an extension of the fuel cycle length. It is
nown that high Gd2O3 contents are apt to decrease the sintered
ensity and grain size of UO2-Gd2O3 pellets. The present study
as been undertaken to improve the density and grain size of
he UO2-Gd2O3 pellet with high Gd2O3 contents by using a
ew sintering additive, MnO. There are few reports on the effect
f MnO on the sintering of the UO2 or UO2-Gd2O3 pellets.

ecently, it was reported that MnO-SiO2 causes a considerable
nhancement in the grain growth of the UO2 pellet [8]. The
ffect of MnO on the sintering and densification kinetics of the
O2-Gd2O3 powder compact has been investigated.

mailto:youngwoo@kaeri.re.kr
dx.doi.org/10.1016/j.tca.2006.11.024
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MnO contents. It appears that the addition of MnO shifts both the
shrinkage curve (Fig. 2(a)) and the temperature of the maximum
shrinkage rate (Fig. 2(b)) toward the left, the lower temperature
Y.W. Rhee et al. / Thermoc

. Experimental procedures

.1. Powder preparation

Samples were prepared from the ADU route UO2, Gd2O3
Aldrich, 99.9%) and MnO (Kosundo chemicals, 99.9% in
urity) powders. A mixture of MnO and Gd2O3 powder was
ubjected to a ball milling for 12 h in ethyl alcohol using a
olyethylene bottle and high purity zirconia balls to prepare a
nO-doped Gd2O3 powder. The dried slurry was screened in
100 mesh sieve. The powder thus prepared was mixed with
O2 powder in a tumbling mixer for 1 h, and it was then pulver-

zed in a pestle and mortar for 10 min to prepare a MnO-doped
O2-10 wt%Gd2O3 powder. The contents of MnO were 0.01,
.02, 0.05, and 0.1 wt%. Undoped UO2-10 wt%Gd2O3 powder
as prepared following the same procedure as the MnO-doped
owder without a MnO addition. UO2-1 wt%MnO and Gd2O3-
wt%MnO powders for the phase analysis were also prepared
y following the above procedure.

.2. Dilatometry and microstructural observation

The prepared powder was pressed under 3 ton/cm2 into cylin-
rical powder compacts of about 8 mm in diameter and about
0 mm in height. The green densities of the compacts were
round 50% of the theoretical density. The shrinkage of the
ompacts was measured up to 1650 ◦C in H2-3%CO2 by using a
ush rod type dilatometer (Netzsch, Dil402C). For a microstruc-
ural observation, the powder was pressed under 3 ton/cm2 into
ylindrical compacts of about 10 mm in diameter and about
0 mm in height. The compact was heated to 1730 ◦C at a rate of
K/min, and it was then sintered for 4 h in H2-3% CO2. UO2-
wt%MnO and Gd2O3-1 wt%MnO powders were compacted
nder 3 ton/cm2 and then sintered at 1000, 1200 and 1500 ◦C
or 1 h in H2-3% CO2 for the phase analysis. The sintered den-
ity was measured by using the water immersion method. The
icrostructure was determined by an optical microscope and a

canning electron microscope before and after being thermally
tched at 1250 ◦C for 1 h in CO2. Energy dispersive spectroscopy
EDS) analysis was preformed on the polished surfaces of the
intered samples.

. Results and discussion

The phase stability of MnO in the reductive sintering atmo-
phere, H2-3% CO2, was estimated by using the SOLGASMIX
rogram [9], which can calculate the Gibbs free energy and equi-
ibrium constant of a reaction. The calculated results under a
otal gas pressure of 1 bar are plotted against the temperature in
ig. 1. The line 1 and the line 2 indicate the oxygen potential
�ḠO2 = RT ln pO2 ) of MnO and that of the sintering atmo-
phere, H2-3% CO2, respectively. MnO is the stable phase above
he line 1 and manganese is stable below the line 1. The line 2

ies above the line 1 for the whole temperature ranges. It sug-
ests that MnO does not reduce to a metallic form for the whole
intering schedule. Manganese remains as an oxide form, which
s more easily soluble in UO2 and Gd2O3.

F
f

ig. 1. Oxygen potentials of the MnO and sintering gas as a function of the
emperature.

Fig. 2 shows the shrinkage curves and the shrinkage rates
s a function of the temperature for the compacts with various
ig. 2. Shrinkage curves and shrinkage rates as a function of the temperature
or various MnO contents.
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Fig. 3. ln((dL/L0)/T) vs. 1/T for various MnO contents.

egion. The temperature of the maximum shrinkage rate shifts
rom 1520 ◦C for the undoped UO2-10 wt%Gd2O3 to 1260 ◦C
or the 0.1% MnO-doped one. The magnitudes of the shifts in the
hrinkage curve and the temperature of the maximum shrinkage
ate increase with the content of MnO. These results suggest that
he addition of MnO appears to have a considerable effect on the
nitial- or the intermediate-stage densification.

Young and Cutler [10] developed an equation for an initial-
tage sintering under a constant heating rate condition as follows:

(�L/L0)

T
= A exp

[
− Q

(m + 1)RT

]
(1)
here, �L/L0 is the relative length change, T the temperature. A
s a constant depending only on the materials parameters and the
intering mechanisms. The exponent, m, have values of 0 for a

o
f
T
s

ig. 5. Microstructures of the undoped and doped UO2-10 wt%Gd2O3 pellets sinter
.1%.
ig. 4. Sintered density of the UO2-10 wt%Gd2O3 pellets with various MnO
ontents.

iscous flow, 1 for a volume diffusion and 2 for a grain boundary
iffusion mechanism. Based on Eq. (1), ln[(�L/L0)/T] versus 1/T
t a heating rate of 5 K/min is plotted in Fig. 3. If the value of m
s known, the apparent activation energy, Q, could be estimated
rom the slope of the plots in Fig. 3.

In the case of an undoped UO2-10 wt%Gd2O3, it seems
o have two linear parts of different slopes in the vicinity of
400 ◦C. The lower slope in the temperatures between 1200
nd 1400 ◦C may be attributed to a delay of the densification
f an undoped UO2-10 wt%Gd2O3 compact. It is known that a
elay of the densification is associated with the formation of a
U,Gd)O2 solid solution [11].

MnO-doped UO2-10 wt%Gd2O3 compacts appear to have

ne linear part for each contents of MnO and they have a dif-
erent initial-stage sintering mechanism from the undoped one.
he slopes of the MnO-doped UO2-10 wt%Gd2O3 compacts
eem to decrease with increasing MnO contents. Assuming

ed at 1730 ◦C for 4 h; (a) undoped, (b) 0.01% MnO, (c) 0.02%, (d) 0.05%, (e)
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UO2 and Gd2O3. These samples were almost fully densified
at 1200 ◦C, even in a very low temperature and short sintering
time. It is also seen that the dedensification occurs in both cases
at 1500 ◦C.
ig. 6. Microstructures of the undoped and doped UO2-10 wt%Gd2O3 pellets
.1%.

hat all the MnO-doped UO2-10 wt%Gd2O3 compacts have the
ame initial-stage sintering mechanism, the apparent activation
nergy appears to decrease with increasing MnO contents. For
he case of m = 1 (volume diffusion), the activation energies for
he MnO-doped UO2-10 wt%Gd2O3 compacts were estimated
4300, 46300, 31500 and 21200 cal/mole with increasing the
nO contents from 0.01 to 0.1 wt%. Those values are lower

han the activation energy of the undoped UO2-10 wt%Gd2O3
ompact, 63900 cal/mole.

Fig. 4 shows the effect of the MnO contents on the sintered
ensity of the UO2-10 wt%Gd2O3 pellet sintered at 1730 ◦C for
h in H2-3%CO2. It appears that the addition of only 0.01%
nO causes a significant increase in the sintered density. It is

lso seen that an additive content greater than 0.01% has little
ffect on a further densification.

The grain structures of the UO2-10 wt%Gd2O3 pellet sintered
t 1730 ◦C for 4 h in H2-3%CO2 are shown in Fig. 5. The grain
ize of the undoped UO2-10 wt%Gd2O3 pellet is about 9 �m.
hose of the MnO-doped UO2-10 wt%Gd2O3 pellets increased
ith an increasing MnO content. That of the 0.1% MnO-doped
O2-10 wt%Gd2O3 pellet increases up to about 23 �m. Some

lusters of small grains can be seen in Fig. 5(a–d). Kim et al. [7]
eported that this cluster was the Gd deficient region. The area
raction of the small-grained cluster decreases with an increasing

nO content and then the cluster disappears in the 0.1% MnO-
oped sample.

All the results presented so far suggest that the addition of
nO could decrease significantly the sintering temperature of

he UO2-10 wt%Gd2O3 pellet. An example of which can be seen
n Fig. 6. The sintering temperature of the samples in Fig. 6 is
ower than that of the samples in Fig. 5 by 100 ◦C. Fig. 6 shows

he grain structures of the UO2-10 wt%Gd2O3 pellet sintered at
630 ◦C for 4 h in H2-3%CO2. Even though the sintering tem-
erature is lower by 100 ◦C, it appears to have high densities and
imilar relationships between the density and the MnO content.

F
a

ed at 1630 ◦C for 4 h; (a) undoped, (b) 0.01% MnO, (c) 0.02%, (d) 0.05%, (e)

he addition of only 0.01% MnO causes a significant increase
n the pore shrinkage. It is also seen that an additive content
reater than 0.01% has a little effect on a further densification.
owever, the grain sizes in Fig. 6 are smaller than those in Fig. 5
y about 30%.

Manganese appears to result in an enhanced promotion of the
ensification in separate UO2 and Gd2O3 pellets. The sintered
ensity of the UO2-1 wt%MnO and Gd2O3-1 wt%MnO pellets
s a function of the sintering temperature is shown in Fig. 7.
ll the samples are sintered at each temperature for 1 h in H2-
% CO2 and then quenched to room temperature. The addition
f MnO causes a significant increase in the sintered density of
ig. 7. Sintered density of the UO2-1 wt%MnO and Gd2O3-1 wt%MnO pellets
fter a sintering at the various temperatures.
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ig. 8. Pore structures of the UO2-1 wt%MnO (a–c) and Gd2O3-1 wt%MnO (d–
c, f) 1500 ◦C.

Fig. 8 shows the pore structures of the UO2-1 wt%MnO and
d2O3-1 wt%MnO pellets in Fig. 7. The pore structures are con-

istent with the results of the sintered densities in Fig. 7. Dark
lack precipitates were easily found in the polished surfaces.
he EDS analysis shows that the composition of the precipi-

ates was mainly composed of manganese (∼72 at%) and oxygen
∼28 at%).

Zhang et al. [12] observed a similar promotion of a densifi-
ation and grain growth in transient metal-doped CeO2. They
uggested that this promotion may be attributed to the effect
f the severe ionic size difference between the dopant and the
atrix ions. Chen et al. [13] suggested that severely under-

ized dopants have a tendency to enhance the grain boundary
obility due to a large distortion of the surrounding lattice that

acilitates a defect migration of the matrix. The ionic size of
anganese is much smaller than that of uranium or gadolinium.
hus, a similar interpretation could be appropriate to the present

nvestigation. Mn ions in the UO2-Gd2O3 pellet have a severely
ndersized ionic size, much more than that of the UO2-Gd2O3
atrix and thus may enhance the grain boundary mobility due to

large distortion of the surrounding lattice. Further studies are
eeded to establish the mechanism of an enhanced densification
n an early-stage sintering and the promoted grain growth in the

nO-doped UO2-Gd2O3 pellet.

R

llets after a sintering at the various temperatures; (a, d) 1000 ◦C, (b, e) 1200 ◦C,

. Conclusion

MnO doping in the UO2-10 wt%Gd2O3 system accelerates a
hermally activated material transport, so the onset of a densifica-
ion as well as the temperature of the maximum densification rate
hift to the lower temperature region. Within the studied doping
evel, from 0.01 to 0.1 wt%, the content of MnO has a signifi-
ant effect on the densification behavior and grain growth of the
O2-10 wt%Gd2O3 pellet. Dilatometry results and microstruc-

ural observation confirm that the 0.1 wt%MnO doping could
educe the sintering temperature by more than 100 ◦C and it
nhances the grain growth.
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